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Abstract
High sensitivity magnetic sensors will have a significant impact on security, industry, and quality of life. Many of these applications require sensitivities better than 1 nT/Hz 1/2 as well as low cost, small size, low maintenance, and low power consumption. This project is to develop highly sensitive magnetic sensors that fit the goal of the MMSON-07-03 Statement of Need. This need is to develop novel sensors applicable to the diverse detection and discrimination problems of munitions and explosives of concern (MEC) contaminated sites.
We present a design of a low power, compact, magnetoresistive sensor. The key features of the design are (1) decreasing the noise by the use of a 64 element bridge, (2) reducing the magnetic noise by annealing of MTJ in high magnetic field and a hydrogen environment, and (3) increasing signal by the use of external low-noise magnetic flux concentrators. The field noise of our prototype magnetic sensor are approximately 1 pT/Hz 1/2 at 1 kHz, 5 pT/Hz 1/2 at 10 Hz, and 50 pT/Hz 1/2 at 1 Hz at room temperature. The magnetic sensor only dissipates 15 mW of power while operating. Tables   Table 1 The estimated gains of various MFCs at gape of 1 mm Figures Fig. 1 (a) 64 element symmetric configuration (b) 64 element asymmetric configuration Arrows in the graph indicate the reference layer pinning direction. 
Introduction
This project is to develop highly sensitive magnetic sensors that fit the goal of the MMSON-07-03 Statement of Need. This need is to develop novel sensors applicable to the diverse detection and discrimination problems of munitions and explosives of concern (MEC) contaminated sites.
The objective of this project is to investigate a low-cost, practical magnetic sensor system suitable for high sensitivity magnetic field mapping, based on solid-state magnetic tunneling junction (MTJ) devices with a sensitivity in the picotesla (pT, 10 -12 tesla) range at room temperature.
The measurement of magnetic field in the range of picotesla is important for a wide range of homeland security, industrial, scientific, and biomedical applications. Many of these applications require sensors with field noise of less than 1 nT/Hz 1/2 as well as low cost, small size, low frequency operation, low maintenance, and low power consumption. For example, there is need to develop novel sensor arrays to detect munitions and explosives of concern [1] , monitor the change of magnetic field of earth and space [2] , and detect magnetic biological signals and agents [3] . Currently the few sensors capable of detecting such small fields require cryogenic cooling such as SQUID sensors, require sophisticated detection systems such as atomic magnetometers and fluxgate magnetometers, or have large size and poor low frequency performance such as coil systems. [3] [4] [5] [6] [7] The minimum detectable field (the field noise times the measurement bandwidth) of magnetic tunnel junction (MTJ) sensors is limited by thermal Johnson, shot, and intrinsic magnetic noise. However, due to extrinsic magnetic and barrier noise (which dominate at low frequencies) and non-reversible (hysteretic) behavior, current state-of-the-art MTJ devices have not demonstrated the desired performance [8] [9] [10] [11] [12] [13] [14] . The best detectable low-field of the commercial magnetoresistive magnetic field sensors studied by N. A. Stutzke et. al is on the order of 100 pT for frequencies below 10 Hz. [15] .
In this project, we demonstrate a simple low-power, magnetic sensor system suitable for high sensitivity magnetic field mapping, based on solid-state MTJ devices with minimum detectable fields in the picotesla range at room temperature. The key features of this design are (1) decreasing the noise by the use of a 64 element bridge, (2) reducing the magnetic noise by annealing of MTJ in high magnetic field and a hydrogen environment, [16] and (3) increasing signal by using a external flux-to-field magnetic flux concentrators (MFC).
Fabrication of magnetoresistive sensor
In this study, we have addressed a few key issues that helped improve the sensitivity.
(1) Sensor design--a 64 element bridge (2) Reduced magnetic noise by annealing of MTJ in high magnetic field and a hydrogen environment (3) Increased signal by using magnetic flux concentrators (MFC) (area  209 µm 2 , eccentricity 0.74). The pinning direction of the reference layer is along the short axis of the ellipse. They were configured into 64 element symmetric bridges for noise measurements and asymmetric bridges (formed by taking two dies and rotating them so that the pinned directions were opposite to each other) for sensor measurements which is shown in Fig. 1 (a) The noise measurement system is in a shielded environment to avoid picking up unwanted external magnetic field fluctuations. The sensor voltage and preamplifier bias are supplied by batteries to minimize noise. The MTJ sensor bridge was annealed at 265°C under a 7 T magnetic field for 15 min in a hydrogen environment which have been demonstrated to reduce the noise level of the MTJs at low frequency [16] .
First, we investigated the low frequency noise of an MTJ bridge with 5 µm x 7.5 µm ellipses annealed at 265°C with different magnetic fields. As shown in Fig. 3(a) , the magnetoresistance versus magnetic field curve shows that the MTJ annealed at 265°C under a 7 T magnetic field is slightly less hysteretic than that of the one annealed at 265°C under a 0.5 T magnetic field. As shown in Fig. 3(b) , the sensors, after annealing at 7 T and 265°C for 15 min and measured at 0 T bias field, show an improvement in the noise spectrum by about 2.5 times in the range of 1 to 10 Hz. There are only small changes at a higher frequency range (the small bump at about 20 Hz that deviates from the 1/f noise spectrum). These changes are related to the change of magnetic fluctuators in the MTJ due to annealing. The source of noise in MTJs can be magnetic or nonmagnetic in origin, which can be distinguished by measuring under different magnetic fields. There is about an order of magnitude reduction of the low frequency noise spectrum when the MTJ measured under a 10 mT magnetic bias field. (Under this magnetic field the magnetization of free layer is parallel to that of the pinned layer.) In order to reduce the noise level further, we have investigated the annealing of MTJ samples under a hydrogen atmosphere. In this study, we used the above MTJs (size 10 µm x 15 µm) that were already annealed at 285°C and under 0.5 T and then annealed them again in a different magnetic field under hydrogen gas at 265°C. As shown in Fig. 4 , the noise level of the MTJ annealed under hydrogen gas and 0.5 T is reduced 2 times at low frequency (at 1 Hz) compared with the original sample (which was annealed at 285°C and under 0.5 T) and the noise level of the MTJ annealed under hydrogen gas at 7 T is reduced 3 times at low frequency (at 1 Hz) compared with the original sample. From the facts that there are only very small changes of the MR loop before and after hydrogen annealing of MTJ samples under high magnetic field, it indicates that there is no significant altering of the magnetization alignment of the AFM and FM layers at the interface. Hydrogen annealing of MTJ samples under high magnetic field may only remove some of the defects and change the pinning sites in the free layer as well as the pinning layer, which leads to the shift of magnetic fluctuators to higher frequencies and the reducing of the noise at low frequency. By optimizing the annealing temperature under H 2, we may further improve the noise floor at low frequency in the future.
In summary, we have studied the low frequency noise of a few different sizes of MTJs in 64 element symmetric bridges. The noise of the MTJs at low frequency can be reduced by annealing under high magnetic field (7 T) and further improved by annealing in a hydrogen environment. The magnetic flux concentrator was made using a Conetic alloy which was annealed under hydrogen environment at 1150 o C for 20 hours with cooling rate about 1 o C/min. A few design of magnetic flux concentrators (MFC) are shown in Fig 5. The gains of these MFC's are shown in Table 1 . noise spectrum) in the MTJ disappears possibly due to the magnetic interactions between the MFC and the free layer. We have measured the noise spectrum under different magnetic fields to distinguish the magnetic and nonmagnetic components of the noise in MTJs. There are only small differences in the noise spectrum when the MTJ sensor is measured under a 10 mT magnetic bias field (under this magnetic field the magnetization of free layer is parallel to that of the pinned layer.). This indicates that the magnetic noise magnitude is on the same order as the nonmagnetic noise, which is presumed to arise from fluctuations in the tunnel barrier. The magnetic noise in this sensor is significantly reduced by our annealing process similar to results presented in Ref. 16 . Fig. 9 Magnetic sensor output vs. field strength curve for different frequencies The inset shows magnetic sensor output voltage under an ac magnetic field with frequency of 1 kHz and amplitude of 5 pT.
The performance of this sensor, for various applied field strengths and frequencies, is shown in Fig. 9 . The inset of Fig. 9 shows one of the measurements. An ac magnetic field with frequency of 1 kHz and amplitude of 5 pT was generated by a Helmholtz coil driven by a function generator and a precision current source. The magnetic sensor was placed inside the Helmholtz coil and the signal was collected by a vector signal analyzer with a low noise amplifier (gain was set at 10 3 ). The magnetic sensor under an ac magnetic field with frequency of 1 kHz and amplitude of 5 pT has an output of about 6 µV. The sensor output vs. field strength curve for different frequencies is shown in Fig. 9 . The data were taken, for a given resolution bandwidth on the spectrum analyzer, until the signal disappeared into the background. The lowest field point for each frequency is an approximate measure of the minimum detectable field and gives 3 pT, 10 pT and 30 pT at 1 kHz, 10 Hz, and 1 Hz respectively. The red bar indicates the limit of our sensor assuming no extrinsic noise sources, just the intrinsic noise sources discussed above. The results are consistent with what we calculated from the noise spectrum and the signal output which predicts a minimum detectable field in a 1 Hz bandwidth of 1 pT, 5 pT and 50 pT at 1 kHz, 10 Hz, and 1 Hz respectively. The resistance of our magnetic sensor is about 7 kohm so that the sensor only dissipates about 15 mW of power while operating at 10 V applied voltage.
Summary
In summary, we present a low power, compact, magnetoresistive sensor that combines a 64 element magnetic tunnel junction bridge and a set of low noise magnetic flux concentrators, as shown in Fig. 10 . Sensitivity in the range of a few picotesla has been achieved. Magnetic field sensitivities of our prototype magnetic sensor are about 1 pT/Hz 1/2 at 1 kHz, 5 pT/Hz 1/2 at 10 Hz, and 50 pT/Hz 1/2 at 1 Hz. The magnetic sensor only dissipates 15 mW of power while operating. In the future, further improvements of MTJ sensors for operation in the femtotesla (fT, 10 -15 tesla) range at room temperature are possible. It can be achieved by using (1) new MgO based tunneling junctions (a TMR ratio of 500% [17] ), (2) a better design of magnetic flux concentrator (a gain of 300 [18] ), and (3) optimized stack deposition conditions and annealing procedures to eliminate defects giving rise to 1/f noise. It has been shown that proper annealing reduces magnetic noise by about an order of magnitude in MgO based tunneling junctions [19] .
